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All-optical analog-to-digital converters based on the third-order nonlinear effects in silicon waveguide are a
promising candidate to overcome the limitation of electronic devices and are suitable for photonic
integration. In this paper, a 2-bit optical spectral quantization scheme for on-chip all-optical
analog-to-digital conversion is proposed. The proposed scheme is realized by filtering the broadened and
split spectrum induced by the self-phase modulation effect in a silicon horizontal slot waveguide filled with
silicon-nanocrystal. Nonlinear coefficient as high as 8708 W21/m is obtained because of the tight mode
confinement of the horizontal slot waveguide and the high nonlinear refractive index of the
silicon-nanocrystal, which provides the enhanced nonlinear interaction and accordingly low power
threshold. The results show that a required input peak power level less than 0.4 W can be achieved, along
with the 1.98-bit effective-number-of-bit and Gray code output. The proposed scheme can find important
applications in on-chip all-optical digital signal processing systems.
A
nalog-to-digital converters (ADC) as the key front-end digital processing device have extensive applica-
tions in ultra-wide-band systems, such as advanced radar systems, real-time signal monitoring, and
ultrahigh-speed optical communication systems. Limited by the inherent aperture jitter and the com-
parator ambiguity, electrical ADCs cannot meet the demands of ultra-wide-band applications1–4. Benefited from
the ultrafast response time and passive operation, all-optical ADCs (AOADC) based on third-order nonlinear
effects are a promising candidate to overcome the limitation of electronic devices5,6. In last decade, many
quantization schemes have been proposed using the nonlinear effects in highly-nonlinear fibers (HNLFs) and
photonic crystal fibers (PCFs). For example, the phase quantization schemes use cross-phase modulation
(XPM)5,7–10, the spectral quantization schemes use self-phase modulation (SPM)11, XPM12, intra-pulse stimulated
Raman scattering (ISRS)6,13–18, and supercontinuum (SC)19. However, because of the weak nonlinear interaction
in these SiO2-based materials, the requirements on the fiber length, pulse width, and pulse power are typically
very high. These fiber-based AOADCs therefore cannot meet the demands of miniaturization and photonic
integration, which are the inevitable development trend of ADCs. Silicon photonic technology is suitable for
photonic integration owing to their compatibility with complementary metal oxide semiconductor (CMOS)
process. The optical waves can be confined to sub-micron region by the high refractive index of silicon using
the silicon-on-insulator (SOI) technology20. Some SOI-based nonlinear signal processing schemes have been
proposed21–27 but, to the best of our knowledge, there is still no reports on AOADC. In a SOI-based AOADC, the
nonlinear interaction is expected to occur only in the specific waveguide but not in other interconnected devices,
which requires that the waveguide should provide stronger nonlinear interaction than conventional silicon strip
waveguides. The slot waveguide structure allows for very strong mode confinement in a low index nonlinear
material sandwiched between two silicon wires28,29. In particular, the horizontal slot structure has the advantages
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embedded nonlinear materials with high nonlinear refractive index,
e.g. the organic material PTS (n2 5 2.2 3 10216 m2W21 at 1600 nm),
the nonlinear coefficient can reach to more than 2 3 104 W21/m28,30.
However, the organic materials require non-CMOS processes and
strict temperature limitation, which render them not suitable for
mass-manufacturing31,32. The material silicon-nanocrystal (Si-nc)
embedded in silica (SiO2) has a high n2 (about one or two orders
of magnitude higher than that of silicon) at telecom wavelengths33
and is completely CMOS foundry compatible using standard chem-
ical vapor deposition (CVD) methods31. Thus Si-nc/SiO2 is quite
suitable for the proposed horizontal slot waveguide with strong non-
linear interaction.
In this paper, we propose a CMOS-compatible 2-bit optical spec-
tral quantization (OSQ) scheme for the first time by filtering the
broadened and split spectrum induced by SPM in a silicon horizontal
slot waveguide filled with Si-nc/SiO2. The dimensions of the slot
waveguide are optimized to achieve the smallest effective mode area,
thus making strong nonlinear interaction possible. The quantization
performances are studied numerically. In addition, high quantiza-
tion resolution of the proposed OSQ scheme is demonstrated.
Results
Principle of operation. The schematic diagram of the proposed
OSQ scheme is shown in Fig. 1. The sampled pulses at different
peak powers, illustrated in inset (a), are delivered into a specially
designed silicon horizontal slot waveguide. When the input peak
power increases, the output spectra of the pulses first broaden and
then split from the center frequency owing to the SPM effects inside
the waveguide. The degree of broadening and splitting is directly
proportional to the peak powers of the pulses, which can be used
for the mapping between the variations of the peak powers and the
spectrum parameters. As shown in inset (b), the spectrum of the
pulse with higher power broadens and splits while the one with
lower power remains unchanged. An arrayed waveguide grating
(AWG) with two proper filtering windows at wavelengths l1 and
l2 is used to slice the spectrum of the output pulses of the
waveguide. The power transfer functions of the two filtering
channels are shown in inset (c). When the input peak power
increases, the output power of the l1-channel first increases owing
to the spectral broadening and then decreases owing to the spectral
splitting. In contrast, the output power of the l2-channel only
increases with the input peak power. This is because the
wavelength l2, when compared to l1, is farther away from the
center wavelength l0 so that the filtering range of l2-channel does
not contain the spectral splitting region. The output signals of the two
filtering channels are then detected by the photodiodes and binary
decisions are made by comparators. The available encoding results
are shown at the bottom of inset (c), which exhibits a 2-bit Gray code
output.
Design of the horizontal slot waveguide. The cross-section of the
Si-nc/SiO2-based horizontal slot waveguide is shown in Fig. 2. The
lower cladding is a silicon dioxide layer and the upper cladding is air.
The slot is filled with Si-nc/SiO2, which is sandwiched between two
silicon strip wires and has a thickness s. The upper and lower silicon
wires are formed by the amorphous silicon (a-Si) and the crystalline
silicon (c-Si), respectively, and have the same height h. The width of
the waveguide is w. Since the electric field discontinuity occurs at the
horizontal interface for such a waveguide, the quasi transverse-
magnetic (TM) polarization should be used for the analysis. The
deep-UV lithography method, together with the plasma-enhanced
chemical vapor deposition (PECVD) or low-pressure chemical vapor
deposition (LPCVD), can be used for the fabrication of such
horizontal slot waveguides. The detailed fabrication procedure can
be found in34.
In order to obtain the strongest nonlinear interaction inside the
waveguide, the minimum effective area (Aeff) is investigated with
different geometrical parameters. The effective areas at the wave-
length of 1.55 mm are calculated for different combinations of w
and h when the slot thickness s is increased from 5 to 30 nm. For
each given slot thickness, the minimum achievable effective area is
found and shown in Fig. 3(a). From Fig. 3(a), the effective area does
not vary monotonically with the slot thickness. The minimum value
of Aeff < 0.0268 mm2 is obtained around s 5 13 nm. Fig. 3(b) shows
the optimum geometrical parameters which correspond to the min-
imum effective area as a function of the slot thickness. We note that
the calculated results agree with the results in30.
Based on the results obtained above, the slot thickness of s 5
15 nm is chosen, which corresponds to Aeff 5 0.027 mm2 at
1.55 mm. Accordingly, the width (w) and height (h) are set at 220
and 210 nm respectively. In order to obtain the accurate dispersion
properties of the designed horizontal slot waveguide, the material
dispersions of a-Si35, c-Si36, Si-nc/SiO237,38, and SiO239 are considered.
The calculated transverse profiles of the electric field for quasi-TM
polarization at three different wavelengths are shown in Fig. 4. We
observed that the electric field is tightly confined inside the slot even
for wavelength as long as 1.8 mm. The effective refractive index neff is
Figure 1 | Schematic diagram of the proposed optical spectral
quantization scheme. Inset (a) illustrates two sampled pulses at different
peak powers, inset (b) shows the spectrum variations after the silicon
horizontal slot waveguide, and inset (c) shows the power transfer functions
of the two filtering channels and the available encoding results. AWG:
Arrayed waveguide grating, PD: Photodiode, COMP: Comparator.
Figure 2 | Cross-section of the Si-nc/SiO2-based horizontal slot
waveguide. a-Si: amorphous silicon; c-Si: crystalline silicon.
www.nature.com/scientificreports
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calculated and shown in Fig. 5(a). Using the results of neff, we further
determined the group index, second- and third-order dispersion
parameters, as shown in Figs. 5(a) and 5(b). The designed waveguide
has two zero dispersion wavelengths around 1.38 and 1.51 mm,
which results in about 130 nm anomalous dispersion regime. The
second- (b2) and third-order (b3) dispersion coefficients at 1.55 mm
are 1.418 ps2/m and 20.064 ps3/m, respectively.
Quantization performance. The dynamic of an optical pulse inside
a silicon waveguide is governed by the modified generalized
nonlinear Schrödinger equation (GNLSE), which includes the
effects of two-photo absorption (TPA), free-carrier absorption



























where A(z, t) is the slowly varying envelope of the electric field along
the propagation direction z, bm is the m-th dispersion coefficient, v0
is the center angular frequency of the optical field, c0 and cTPA are the
real and imaginary part of the complex nonlinear coefficient, al is the
linear loss of the waveguide, aFCA and nFCD are the coefficients of
FCA-induced absorption and FCD-induced index change, which are
given by aFCA 5 1.45 3 10221(l0/lref)2Nc and nFCD 5 25.3 3
10227(l0/lref)2Nc20. Here, l0 is the input center wavelength, lref 5













where bTPA is the TPA parameter, h is the Planck constant, f0 5 v0/
2p is the center frequency, t is the effective carrier lifetime that
estimated to be about 100 ms33.
The Si-nc/SiO2 used in the simulation is assumed to be with 8%
silicon excess, deposited by PECVD method and annealed at 800uC.
The Si-nc/SiO2 has the achievable al 5 4.6 dB/cm40, n2 5 5.8 3
1024 cm2/GW, and bTPA 5 5 cm/GW33. Using the available Aeff of
0.027 mm2, the parameter values of c0 5 2pn2/l0Aeff 5 8708 W21/m
and cTPA 5 bTPA/2Aeff 5 926 W21/m can be obtained.
The nonlinear response function R(t) in Eq. (1) is related to the
Raman contribution and is given by R(t) 5 (1 2 fR)d(t) 1 fRhR(t).
The Raman response function hR(t) can be deduced from the Raman
response spectrum. The Fourier transform HR(V) of hR(t) with a






where VR/2p 5 15.6 THz is the Raman shift, CR/p < 105 GHz is the
bandwidth of Raman gain spectrum at room temperature. The para-
meter fR is the fractional contribution of the nuclei to the total non-





The split-step Fourier method is used to numerically solve Eqs. (1)
and (2). A hyperbolic secant pulse source centered at 1.55 mm with
1.2 ps pulse width is utilized. The length of the designed waveguide is
8 mm. The peak power of the pulse is adjusted to simulate the
sampled pulses. Fig. 6(a) shows the spectral dynamic of the output
pulse of the waveguide when the peak power is increased from 0 to
0.4 W. The spectrum begins to broaden around 0.1 W and splits at
0.2 W. In order to investigate the influences of TPA and FCA, the
spectral dynamic without the FCA or TPA effects are shown in
Figs. 6(b) and 6(c). We observe that FCA has little effect on the
spectral broadening, but TPA significantly limits the spectral broad-
ening. The effect of FCD is negligible because of its low magnitude of
1024. The spectral profile shows two splitting gaps when TPA is
neglected (Fig. 6(c)), but is limited to only one splitting gap with
TPA (Figs. 6(a) and 6(b)). Fig. 6(d) shows the 2-D spectral profiles
with peak power of 0.4 W at different nonlinear conditions. The FCA
effect affects the spectral broadening slightly but reduces the depth of
the spectral splitting by about 15 dB. Owing to the moderate peak
power used in our simulation, the FCA-induced spectrum asym-
metry is not observed, but the TPA-induced decrease in spectral
broadening is about 4 nm.
To simultaneously show the temporal and spectral dynamic, the
cross-correlation frequency-resolved optical gating (X-FROG) traces
Figure 3 | (a) The minimum achievable effective area as a function of the slot thickness, and (b) the corresponding optimum geometrical parameters as a
function of the slot thickness.
Figure 4 | Transverse profiles of the electric field for quasi-TM polarization at 1.3, 1.5, and 1.8 mm.
www.nature.com/scientificreports
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of the output pulses with peak powers of 0.1, 0.2, 0.3, and 0.4 W are
illustrated in Fig. 7. Unlike the obvious broadening and splitting of
the spectrum, the temporal profiles of the pulses are only slightly
broadened even at peak power of 0.4 W. This is because the disper-
sion length LD 5 T02/jb2j5 0.33 m is about 40 times larger than the
waveguide length of 8 mm, which means chromatic dispersion basic-
ally does not affect the pulse dynamic. By contrast, the nonlinear
length is LNL 5 1/c0P0 5 0.3 mm, thus the pulse evolution dynamic
is dominated by the nonlinear interaction.
The output signal of the waveguide is delivered into an AWG with
two filtering channels, Channel-1 and Channel-2. The frequency
transfer functions of the two filtering channels are both 6-order
Chebyshev type, which have the stop-band extinction of 34 dB and
the pass-band amplitude ripple of 0.5 dB. In order to find the
optimum filtering windows, we investigate the variation of the power
transfer function of the filter by increasing the center wavelength
from 1550.8 to 1553.2 nm with 0.2 nm filtering bandwidth. As
shown in Fig. 8(a), the peak of the transfer function shifts towards
higher input power when the center wavelength increases. It should
be noted that two requirements must be met to obtain an uniform
quantization step length. For Channel-1, since the maximum input
peak power is 0.4 W, the filtered powers at the input peak powers of
0.1 and 0.3 W must be identical to ensure that the lengths of the first
and fourth quantization steps are both 0.1. For Channel-2, the fil-
tered power at 0.2 W input should be lower than the case of the
0.4 W input. Thus, the filtered power at 0.2 W input can be used
as the decision threshold to obtain two quantization steps with uni-
form length of 0.2. When both requirements are satisfied, four quant-
ization steps with same length of 0.1 can be obtained. The
requirement of the Channel-2 can be satisfied with the center wave-
length larger than 1551.6 nm. For Channel-1, the optimum center
wavelength is found to be 1551.2 nm. It is desired that the thresholds
of the two channels are the same in order to reduce the complexity of
the ADC. This can be achieved by setting the center wavelength of the
Channel-2 at 1552.9 nm.
We then investigate the influence of the filtering bandwidth by
varying the bandwidth from 0.2 to 1.2 nm at the two optimum center
wavelengths of 1551.2 and 1552.9 nm, as shown in Fig. 8(b). It is
evident that the power transfer function of the Channel-1 changes
slightly with the bandwidth, and the transfer function of the
Channel-2 remains almost unchanged.
Fig. 9(a) shows the power transfer functions of the two quantiza-
tion channels at the optimum center wavelengths with the filtering
bandwidth of 0.2 nm. The transmitted powers of the Channel-1 at
Figure 5 | (a) The effective refractive index and group index, and (b) second- and third-order dispersion coefficients as a function of wavelength.
Figure 6 | The spectral dynamic of the output pulse of the waveguide as a function of the input peak power with the (a) Kerr, TPA, and FCA effects,
(b) Kerr and TPA effects, and (c) Kerr effect only. (d) 2-D spectral profiles at peak power of 0.4 W for different nonlinear conditions.
www.nature.com/scientificreports
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0.1 and 0.3 W input peak power are both 3.66 mW, which is only
0.02 mW larger than the required decision power of the Channel-2.
This small difference allows the same decision threshold to be used
with only slight degradation of quantization resolution. Fig. 9(b)
shows the quantization transfer function of the proposed 2-bit quan-
tizer for the decision threshold of 3.66 mW. The simulated transfer
function is found to be very similar to that of the ideal ADC. The inset
of Fig. 9(b) shows the tiny difference between the two transfer func-
tions. Assuming the analog input is a sinusoidal wave, the effective-


































where SNR is the signal-to-noise ratio, RMS_power and RMS_noise
are the root-mean-square of the power and the quantization errors,
PFS is the full-scale of power range, D 5 PFS/2B is the power of the
least significant bit (LSB), B is the ideal number of bit, and D_i is the
nonlinear error of the i-th quantization step. The SNR is calculated to
be 13.68 dB, thus the ENOB is 1.98-bit.
The AWG can also be realized by silicon devices, e.g. silicon ring
resonators3,41, which will ensure CMOS-compatibility of the pro-
posed quantizer. The required bandwidth of 0.2 nm and center
wavelengths of 1551.2 and 1552.9 nm are achievable by appropriate
design of the ring resonators3. It is expected that optical pulses with
less than 0.4 W peak power do not have nonlinear interaction inside
the AWG so that the quantization performances would not be
degraded. The silicon ring resonators based filters are typically
formed by silicon strip nanowires. For such silicon strip waveguide,
the achievable minimum effective area is found to be about 0.05 mm2
with both the length and height of the strip waveguide within the
range of 200 , 400 nm28. Using the same parameters as the above
except that n2 5 6 3 1025 cm2/GW, bTPA 5 0.5 cm/GW42, and Aeff
5 0.05 mm2, the spectral dynamic of the optical pulses with different
input peak powers are simulated and shown in Fig. 10. It is evident
the spectrum remains almost unchanged when the peak power is less
than 0.4 W and only slightly broadened even at 4 W. This is because
the nonlinear coefficient of such strip nanowires is only 486 W21/m,
which is about 18 times less than that of the proposed slot waveguide.
The nonlinear interaction length at 0.4 W peak power for such sil-
icon nanowires is found to be 5.1 mm, which is very close to the
waveguide length 8 mm, thus the nonlinear accumulation is small.
The nonlinear effects in such silicon nanowires are negligible when
the input peak power is less than 0.4 W. It is therefore feasible to
combine the proposed quantizer with other silicon nanowires based
functional devices.
Discussion
Owing to the inherent limitation of spectral broadening, it is difficult
for the proposed OSQ to realize more than 2-bit quantization.
However, as discussed above, since the proposed OSQ requires low
power threshold, it is possible to combine the proposed OSQ with
other existing quantization schemes that use linear modulation, e.g.
phase-shifted optical quantization (PSOQ). The combination can be
realized via a cascaded optical quantization (COQ) structure, as
shown in Fig. 11.
The COQ structure is composed of two cascaded quantization
stages. The first-stage quantization, which can be realized by the
unbalanced Mach-Zehnder modulator (UMZM) proposed in43,44,
implements the N-channel PSOQ and generates N different sinus-
oidal power transfer functions corresponding to the different
channels. Such a PSOQ scheme can provide a resolution of
log2(2N)-bit44,45. The inset (a) shows the power transfer functions
and the coding results of the first-stage quantization in the case of
two channels (N 5 2). A 2-bit resolution is obtained. Instead of direct
detection and binary decision, the proposed 2-bit OSQ is used to
Figure 7 | X-FROG traces of the output pulse of the waveguide with different input peak powers. The corresponding normalized temporal (blue line)
and spectral (red line) profiles are also illustrated.
(5)
www.nature.com/scientificreports
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further quantize the output power of the first-stage quantization
module. With the second-stage quantization, the number of quant-
ization level increases from 4 to 12 without adding additional chan-
nels, as shown in the inset (b). The total resolution is then enhanced
to log2[2N(22 2 1)] 5 3.59-bit, which is 1.59-bit higher than indi-
vidual PSOQ and OSQ. In the case of N 5 16, a competitive 6.59-bit
resolution can be achieved. Besides resolution enhancement, such a
COQ-ADC can also provide high analog bandwidth because of the
all-optical process in both quantization stages. Since the UMZM can
also be fabricated by silicon photonics technology46, the entire com-
ponents of the COQ-ADC is CMOS-compatible.
Coupling loss is a key factor to be considered for practical
implementation of silicon-based functional devices. There are
two types of coupling loss in the proposed device: fiber-to-wave-
guide and waveguide-to-waveguide. The former only occurs
between the transmitter part and the functional waveguide.
High coupling efficiency of 93% (0.3 dB loss) at 1550 nm has been
numerically obtained using the inverted taper approach and
lensed fibers47. To ensure the required power threshold of 0.4 W
is attained, the peak power of the transmitter part should reach to
at least 0.43 W. Considering a pulse width of 1.2 ps at pulse
repetition rate of 10 GHz, the average power is only 5.2 mW.
Such a power level is moderate and achievable. Another main
fiber-to-waveguide coupling approach is based on grating cou-
plers. A coupling efficiency of 20% (7 dB loss) at 1550 nm has
been achieved experimentally in48, which requires that the peak
power of the transmitter part reaches 2 W, i.e. an average power
of 24 mW. We note that pulsed sources at peak power of several
Watts and pulse width of several picoseconds are achievable even
at high repetition rates of tens of GHz49. For higher peak powers,
the pulsed sources can be integrated on a separate chip3 together
with semiconductor optical amplifiers. The discussion above aims
at the coupling between fiber and silicon slot waveguide. For the
case of fiber to silicon strip waveguide, the low coupling loss of
0.36 dB is obtained experimentally50. The impact of fiber-to-wave-
guide coupling loss is therefore negligible.
In contrast, the waveguide-to-waveguide coupling loss that exists
in optical interconnections will determine the feasibility of the pro-
posed device. This is because the proposed 2-bit quantizer may be
joint indirectly with the transmitter part through interconnecting
with other linear functional devices which can be realized by silicon
strip waveguides. If the interconnection loss is very large, the high
power inside the linear devices can induce undesired nonlinear
effects, which could severely degrade the quantization performance.
However, we note that ultralow loss of ,0.1 dB strip-to-slot mode
converter at the telecom waveband has been reported in experi-
ment51, which is based on the logarithmically tapering approach.
Considering the propagation loss of a strip waveguide to be typically
around 2 dB/cm51, the peak power inside a strip waveguide several
millimeters long can be less than 0.6 W. It is unlikely that such a
moderate peak power will lead to any undesired nonlinear effects in
the linear devices from the results shown in Fig. 10. Taking the
proposed COQ-ADC as an example, an UMZM could interconnect
between the 2-bit quantizer and the transmitter. A similar silicon-
based structure reported in46 can be used to realize such an UMZM,
which exhibits a total loss of 6 dB where the coupling loss is 4 dB and
the propagation loss is 2 dB. Combined with the 0.1 dB strip-to-slot
coupling loss, the peak power inside the UMZM and at the trans-
mitter part are expected to be about 0.6 and 1.6 W, respectively,
which correspond to average power of only 7.2 and 19.2 mW for
repetition rate at 10 GHz and pulse width at 1.2 ps. Both of the
power requirements can easily be satisfied. We therefore conclude
that using the existing efficient waveguide coupling techniques and
the moderate peak power threshold we obtained, the problem of
coupling loss is unlikely to affect negatively the feasibility of the
proposed scheme.
Figure 9 | (a) Power transfer functions of the two quantization channels at the center wavelengths of 1551.2 and 1552.9 nm. The filtering bandwidth is
0.2 nm. (b) Quantization transfer function of the proposed 2-bit quantizer. Inset: the zoom-in view.
Figure 8 | (a) Power transfer functions of the filter with center wavelengths from 1550.8 to 1553.2 nm and the filtering bandwidth of 0.2 nm. (b) Power
transfer functions of the two quantization channels at the optimum center wavelengths of 1551.2 and 1552.9 nm with filtering bandwidth varying from
0.2 to 1.2 nm.
www.nature.com/scientificreports
SCIENTIFIC REPORTS | 4 : 7177 | DOI: 10.1038/srep07177 6
In summary, we propose a CMOS-compatible 2-bit OSQ scheme
by filtering the broadened and split spectrum induced by SPM in a
silicon horizontal slot waveguide filled with Si-nc/SiO2. By optim-
izing the dimensions of the slot waveguide, the nonlinear coefficient
of 8708 W21/m can be obtained, which gives a strong Kerr nonlinear
interaction and low power threshold. Using simulation, we show that
the proposed 2-bit quantization can be realized with an ENOB of
1.98-bit and the required peak power is less than 0.4 W. Thus the
requirement on the optical sources is reduced, and the interconnec-
tion between the proposed nonlinear OSQ and other silicon-based
functional devices is possible. We also propose to combine the 2-bit
OSQ with a conventional PSOQ via COQ structure in order to
achieve higher quantization resolution. We show that resolution
up to 6-bit can be obtained with such a COQ-ADC. Because of the
moderate power threshold and achievable ultralow loss strip-to-slot
mode converters, the proposed COQ-ADC is feasible and can find
important applications in the on-chip all-optical digital signal pro-
cessing systems.
Methods
Search of the minimum effective area and the optimum geometrical parameters.






















where Z0 5 377 V is the free space wave impedance, nNL the refractive index of the
nonlinear material filled in the slot,
R
E (x, y) the vector electric, and
R
H (x, y) the vector
magnetic field profiles of the TM-like mode. The upper integral covers the whole
cross-section Dtotal, whereas the lower integral considers only within the slot region
DNL.
A full-vector finite element method (FEM) based mode solver is used for the
eigenmode calculations. The simulation domain is 4 3 4 mm2 with a 0.4 mm thick
perfectly matched layer. An adaptive mesh refinement is used to ensure the
accuracy of the calculations. In order to determine the optimum geometrical
parameters for the minimum effective area, we adopt the following procedure.
Firstly, a cross grid of width (w) and height (h) is defined with w, h g {200 nm,
205 nm,???, 230 nm}. The region is chosen with reference to the results in30.
Secondly, when the slot thickness is increased from 5 to 30 nm, the effective areas
are calculated at wavelength 1.55 mm for different combinations of w and h.
Finally, at each given slot thickness, if the statistics of the calculated effective areas
has an inflection point which corresponds to the minimum value, the value is
recorded as the minimum effective area and the corresponding w and h are the
optimum geometrical parameters. If such an inflection point is not found, we
extend the boundary values of w and h, and repeat the above procedure until the
minimum effective area is found.
Model of the X-FROG trace. The X-FROG trace obtained in our simulation is based
on the difference-frequency generation XFROG algorithm, which is given by52
Figure 11 | Schematic diagram of the proposed COQ-ADC. Inset (a) illustrates the power transfer functions and coding results of the first-stage
quantization for two channels (N 5 2), and inset (b) illustrates the combined power transfer functions and coding results of the two quantization stages.
PSOQ: phase-shifted optical quantization; OSQ: optical spectral quantization; MUX: multiplexer; DEMUX: demultiplexer.
Figure 10 | (a) Spectral dynamic of the optical field with the input peak power at the end of a silicon nanowire with effective area of 0.05 mm2, and (b) the
corresponding 2-D spectral profiles.
www.nature.com/scientificreports









Where Esig(t) is the electric field of the measured signal, Eref*(t 2 t) is the conjugate
electric field of the reference signal delayed by time t. The reference signal is
characterized by the initial input signal.
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